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The interaction region layout for the e e~ future circular collider FCC-ee is presented together with a
preliminary estimate of synchrotron radiation that affects this region. We describe in this paper the main
guidelines of this design and the estimate of synchrotron radiation coming from the last bending magnets
and from the final focus quadrupoles, with the software tools developed for this purpose. The design
follows the asymmetric optics layout as far as incoming bend radiation is concerned with the maximum
foreseen beam energy of 175 GeV and we present a feasible initial layout with an indication of tolerable

synchrotron radiation.
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I. BEAM OPTICS DESIGN

The future circular collider (FCC-ee) is a very challenging
machine with unprecedented high e e~ beam energy, lumi-
nosity and circumference. This machine will work at different
beam energies, from 45.6 GeV up to 175 GeV, with a
luminosity that goes from 2.1 x 103 cm™2s~! for the lower
energy to 1.3 x 103 cm™2s~! for the highest one. The
circumference is foreseen to be about 100 km. The plan is
to have a flexible interaction region design that allows for this
large beam energy range. The crab-waist collision scheme has
been chosen to reach the highest possible luminosity, so the
crossing angle is 30 mrad. A parameter table for the FCC-ee
collider at the top energy is reported in Table I. The design of
the beam optics is described in Ref. [1], Ref. [2] and Ref. [3].

The large crossing angle together with the high beam
energy may induce high synchrotron radiation (SR) in the
interaction region and consequently into the detector. We can
state that the SR in the interaction region drives the layout
design. One of the most significant constraints is the
requirement on the critical energy and power of the synchro-
tron radiation generated upstream of the interaction region
(IR) that may shine into the detector. An additional constraint
of the FCC-ee layout is the compatibility with the hadron
collider FCC-hh, which drives the infrastructure design. In
order to combine the two requests of a large crossing angle
and the need to prevent high energy SR fans from going into
the interaction point (IP), the IR optics have been designed
asymmetrically so that the incoming beam from both sides
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comes from the inner ring and the outgoing beam exits to the
outer ring. In this way the outgoing beams are more strongly
bent than the incoming beams thereby lowering the SR
energy from the incoming beams. The main guideline for the
IR optics has been to make the SR backgrounds tolerable
using experience from the LEP2 accelerator. There the
highest local critical energy was 72 keV and was located
260 m from the IP (Ref. [4]). Consequently, the optics
designers have been asked to keep critical energies from
bending magnets below 100 keV and located at least 100 m
from the IP. In addition, a request has been made to keep all
critical energies from around the ring below 1 MeV in order
to minimize neutron production. Table II reports the radiation
critical energy for the arc dipoles of existing and future
colliders with very different beam energies. FCC-ee has the
highest beam and critical energy.

The displacement of the FCC-ee IP with respect to the
FCC-hh central trajectory is 9.4 m and the maximum
displacement between the two machines is 11.9 m which
is located about 400 m from the IP. The size of this
displacement is inversely proportional to the critical energy
of the last upstream bend magnet for a given crossing angle
collision. The final focus magnets of each incoming and
outgoing beam are separate elements. In Fig. 1, we show
the cryostats for the focusing and defocusing quadrupoles
each of which carry individual superconducting coils for
each beam line. The defocusing and focusing quadrupoles
of the final focus doublet are QC1 and QC2. For the top
energy design, QC1 is 3.2 m long, QC2 is 2.5 m and their
gradients are 97 T/m and 61.5 T/m, respectively.

II. INTERACTION REGION LAYOUT AND
SYNCHROTRON RADIATION

The interaction region is one of the key issues of a
collider, it determines its success. For this reason it requires
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TABLE I. FCC-ee beam parameters most related to IR design
relative to the top beam energy of 175 GeV case.
circumference (km) 100
crossing angle at IP (mrad) 30

L* (m) 2.2
Luminosity/IP (10** cm™2s7!) 1.3

pr (m) 1

fy (mm) 2

€, (nm) 1.3

€, (pm) 2.5

o (um) 36

o) (nm) 71
beam current (mA) 6.6
particles/bunch 1.71 x 101
bunch number 81
Total SR power (MW) 98.6
SR energy loss/turn (GeV) 7.47

Energy spread by SR % 0.141

a careful design, balancing the requirements from the
accelerator and detector sides. The interaction region
design has to provide high luminosity that can be used
for physics studies in the detectors with tolerable back-
grounds and radiation. In addition, the design has to include
a luminosity monitor and masks to stop synchrotron
radiation photons. The beam pipe dimensions have to be
properly set according to the beam size and available space,
with flexibility for possible future optics modifications.
Two independent approaches are used to study the
synchrotron radiation in the IR. The program
SYNC_BKG (originally made by Al Clark of LBNL) is
used to trace the beam macroparticles through the magnets
which have been sliced into 4 sections. It calculates the
radiation critical energy and start and stop points of each
fan from each magnet slice for each macroparticle. The
program scans across the entire transverse profile of the
beam and has the ability to include a non-Gaussian trans-
verse beam-tail distribution to the nominal Gaussian beam
distribution. The beam pipe and masks are modeled with
elliptically shaped apertures (which can be circles) located
at various z positions. The program originally could only
study SR from final focus quads that were on axis but it
has been enhanced to do offset and tilted quads and
bend magnets. A new software Machine Detector interface

TABLEIIL. Critical energies from arc dipoles for different e e~
colliders and the proton-proton collider FCC-hh.

Collider Epeam (GeV) Eitica (keV)
DA®NE 0.51 0.2
LER Superkekb 4 2
LEP2 100 72
FCC-ee 175 1000
FCC-hh 50 x 103 5

Simulations has been created, and still developing, spe-
cifically for this purpose. MDISIM is a flexible tool that
provides an evaluation of SR in the IR (Ref. [5]) and plots
the SR fans in the IR. MDISIM combines the standard tools
MAD-X [6], ROOT [7] and GEANT4 [8].

These two approaches have been used to evaluate the SR
from bends as well as from final focus (FF) quads, to design
the IR with beam pipe dimensions, to place masks and
shieldings at proper locations. MDISmM is used here to
evaluate SR from near and far bends, while modified
version of SYNC_BKG is used to evaluate SR from FF
quads and design the IR with masks and shieldings.

The layout of the interaction region is based on the
symmetrical final focus scheme with L* = 2.2 m (where
L* is defined as the distance between the IP and the
entrance of the first quadrupole) and asymmetric optics as
far as incoming bend radiation is concerned (Ref. [1]); this
optics is optimized for the maximum foreseen beam energy
of 175 GeV. An expanded horizontal view of the FCC-ee IR
layout 10 m from IP is shown in Fig. 1, in the picture the
QC1 and QC?2 final focus quadrupoles are shown in yellow
and pink; SR masks placed between the quadrupoles are in
blue and red. Also the free space defined by an angle of
100 mrad needed for the detector is shown. Figure 2
represents a closer view of the IR =3 m from the IP. The
beam pipe is circular from +0.5 m from the IP with a radius
of 20 mm. Inside the final focus quadrupoles the full
horizontal physical aperture is 24 mm (12 mm radius). This
physical aperture corresponds to 20 o, in the horizontal
plane at the back end of the focusing quadrupole QC2. In
the vertical plane 60 6, corresponds to 5 mm in the middle
of the defocusing quadrupole QC1. We presently define the
beam-stay-clear (BSC) to be 20 o, and 60 o,. The beam
pipe under the final focus magnets is presently considered
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FIG. 1. View of the FCC-ee IR layout 10 m from IP. The QC1
and QC?2 final focus quadrupoles are drawn in yellow and pink;
the a,b,c,d locations are defined. Between QC1 and QC2 there are
SR masks (blue and red).
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FIG. 2. Closer view of the FCC-ee IR layout £3 m from IP.
In front of QC1 (in violet) is the possible location to the
luminometer.

to be circular with circular masks. The SR masks have been
placed in this layout close to these magnets, both before
and after, reducing the physical aperture to 10 mm radius
(see masks in Fig. 1 and Fig. 2). This ensures that the SR
coming from the upstream bend magnet does not strike the
cryogenic beam pipes.

In Fig. 1 and Fig. 2 the locations a,b,c,d have been
selected for detailed studies of the number and energy of
the SR photons hitting these surfaces obtained with a
modified version of SYNC_BKG. Positions a and b are
upstream the IP, ¢ and d downstream; a corresponds to the
back end of QCI1, close to the beam pipe. b is the upstream
border where the pipe connects to the IP center beam pipe
(20 mm radius). Similarly, ¢ is the downstream border in
the upper corner where the IP center beam pipe connects to
the beam pipe and d is in the upfront position at the QC1
entrance. This study has the last upstream bend magnet fan
sweeping in from the bottom of Fig. 1. Consequently, the
bend fan strikes the bottom of the upstream mask surface a.

We want to establish a minimum beam pipe radius that
does not intercept too many direct hit photons from
upstream sources. Initially trying a 10 mm radius beam
pipe revealed that radiation from both the final focus quads
as well as the last upstream bend magnet would directly hit
the central chamber with unacceptably high hit rates per
beam bunch crossing. In addition, we found that the energy
spectrum of the SR coming from the final focus (FF) quads
was quite high with 50% > 1 MeV and 10% > 10 MeV.
There were about 8 x 10° photons hitting surfaces b and ¢
from the FF quads and about 3 x 10'? hitting these surfaces
from the last upstream bend magnet. The bend magnet
photon energy spectrum is a standard 100 keV synchrotron
photon energy distribution but the FF quadrupole radiation
is significantly harder (see Fig. 3). We then proceeded to
increase the central beam pipe radius and found that at a
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FIG. 3. Plot of the photon energy spectra for the radiation
coming from the quadrupoles and the upstream bend magnet and
incident on the central chamber for a 10 mm radius pipe. The
histogram starts at 1 MeV. The yellow histogram is all that is left
of the 100 keV critical energy radiation fan coming from the bend
magnet. As one can see, the quadrupole radiation spectrum is
significantly harder with some photons all the way out to 80 MeV
for each beam bunch crossing.

radius of 15 mm the central chamber just clears the
synchrotron radiation sources and receives no direct hits.
However, since the central chamber was partially shielding
the downstream surface d the rate on this surface increased.
At this stage of the design, there have not been any
parametric studies of orbit deviations or other factors that
might change the exact location of the SR fans so the
present decision is to make the central beam pipe radius
20 mm in order to have some margin in this respect. With
the inner beam pipe radius established for now, we
proceeded to look at scattered SR sources coming from
local surfaces namely surfaces a and d. From a we find that
about 2.5% of the incident photons will forward scatter
toward the inner beam pipes and from surface d about 0.5%
will backscatter toward the inner beam pipes.

We can get a preliminary estimate of the photon rate
on the central chamber from these secondary sources by
calculating the solid angle fraction of the central beam pipe
with respect to these scattering surfaces and assuming
isotropic scattering. The energy spectrum of the scattered
photons is used as a generating spectrum for photons
incident on the central chamber at an average incident
angle. This incident photon generator is fed to an EGS4
interface program to tally the number of incident photons
on the central beam pipe that penetrate and hence are
absorbed by the detector. In a similar manner we can get
first estimates of the number of photons per beam bunch
that are incident and then penetrate various beam pipe
shield thicknesses in the study discussed below (see
Sec. III). An additional note is that the above study was
for symmetric FF optics with equal sized incoming and
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TABLE III. MDISmm output of the SR from the bending magnets upstream and downstream the IP. The first two columns show the
element number and magnet name; followed by the end position of the magnet s and magnet length /, the bending angles, critical energy,
average number of photons radiated by the passage of a single electron, bending radius p, magnetic field, horizontal # function, rms
beam size and beam divergence, and the power radiated by SR in this magnet by a single beam, using the beam parameters of Table I.

angle E. oy divx Power

iele  name s m [ m mrad keV n, p m BT p, m mm mrad kW
upstream magnets, incoming beam:
12 BWL.2 155.1 55.08 —-0.4633  100. 1.671 118906 —0.0049 1868. 1.5820 0.0099  0.3411
16 BCIL2 2684 109.2 -0.9187 100 3314 118886 —0.0049  447.45 0.7743 0.0075 0.6764
27 BC2L.2 5122 65.06  —0.0499 9.117 0.18 1303954 —0.0004  283.0 0.6158 0.0090 0.0033
31 BC3L.2 560.1 43.8 -1.076 292.1 3.883 40694.5 -0.0143  105.0 03750 0.0063  2.315
35 BC4L.2 608 43.8 —1.653 448.7 5.963 264954 —0.0220 2884  0.6217 0.0063  5.462
39 BCSL2 6772 65.06 —1.116 203.9 4.025 58313.8 —0.0100 16.55 0.1489 0.0090  1.675
56 BL1.2 8775 28.66 2.241 929.7 8.085 12787.8  0.0456 38.76  0.2279 0.0059 15.34
downstream magnets, outgoing beam:

14 BCI.1 65.24  38.04 2211 691 7.976 17205.6  0.0339 57.05 0.2765 0.0080 11.25
18 BC2.1 76.69 7.352 0.4251  687.5 1.534 17293.6  0.0338 101.3 03684 0.0120 2.152
22 BC3.1  109.7 28.96 3.586 1472 12.94 8073.9  0.0723 16.29 0.1477 0.0099 38.88
29 BC4.1 149.2 34.76 0.867 296.6 3.127 40088.5  0.0146 142.02 0.4362 0.0100  1.893
33 BC5.1 1928 39.54 1.772 532.9 6.393 22308.1  0.0262 28.97 0.1970 0.0078  6.955
37 BC6.1  236.5 39.54 1.443 4339 5.206 27396.4  0.0213 145.12  0.4410 0.0078  4.611

only for the SR coming from the bends (Ref. [1]). MDISm
reads the machine lattice description from the MAD-X

outgoing beam pipes. We are also looking at an IR design
with outgoing beam pipes that are larger in order to

decrease the amount of trapped HOM power present in
the IR. The only change to the above study for this other
larger beam pipe case would be the loss of surface d as a
source of SR background as the radiation that did strike this
surface now misses the entire downstream beam pipe.
Independent checks on SR from bending magnets have
been performed with MDISM. The optics used for these
studies is v.74.11, corresponding to an asymmetrical design
both for the bending magnets and the final focus interaction
region as far as the last defocusing quadrupole is con-
cerned. However the simulation studies discussed here refer

survey and twiss files and uses the information to generate a
geometry file. The visualization of the geometry is done
with EVE and OpenGL of ROOT. As a second step
MDISM performs an analytical estimate of the SR from
bending magnets displaying for each element the main
information related to SR, mainly critical and mean energy,
radiated power, number of photons with the beam size and
divergence and photon fan opening angle.

Table III shows the numerical estimates directly obtained
by MDISm for the bending magnets upstream of the IP
(from —877.5 m) to downstream (up to 236.5 m) of the IP.

FIG.4. SR from last bend upstream the IR from —155 to —100 m. Apertures are shown as circular with radius of 20 mm in the
quads and 50 mm in the bends. The number of photons per crossing radiated by this bend towards the IP is 3.8 x 10'" and the

total energy is 1.2 x 107 GeV.
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We note that for the outgoing beam the critical energy is
above 100 keV (sixth column in the lower rows) and the
power emitted by all the bending magnets from IP to 250 m
is 65.75 kW. The incoming beam critical energy (sixth
column in the upper rows) is 100 keV from —250 m to IP,
going farther upstream the critical energy is higher. In
addition the SR fans starting from 600 m upstream of the IP
shine into the IP area, as appears in Fig. 5. Differently from
LEP, here SR fans coming from far bends are directed to
the IP.

The geometry is shown including the SR fans in Fig. 4
and Fig. 5 where in Fig. 4 are displayed the SR fans coming
from 100 m and in Fig. 5 the ones from 677 m, in both cases
it is clear how they start upstream of the IP and go into
the IP. In the two pictures there are also shown possible
horizontal collimators, defined as COLH, which might
stop synchrotron photons which might shine onto the IP
beam pipe.

As a last step detailed simulations of the passage of
particles through materials can be performed directly using
the MDISiM generated root geometry and importing the
information to GEANT4, allowing GEANT4 to track the
SR by generating synchrotron radiation photons. This last
step is in progress.

III. PHOTON COLLIMATION AND SHIELDING

There are many different materials that can be used to
collimate and shield photons upstream of the interaction
region. Generally, these will be heavy materials like
Tantalum (Ta, Z = 73) or Tungsten (W, Z = 74). The case
of lead is shown in Fig. 6. In Fig. 6 the green line at 10 keV
indicates that below this value photons in heavy material
such as lead are not too dangerous, the red line at 100 keV
indicates it is hard to manage radiation above this value.
Radiation around 10 MeV would generate a continuous
flux of neutrons generated by the giant dipole resonance

BC3L.2
$=560.1 m

~. BC4L.3
B 5=608 m
Bcs\fz\\
$s=677.2 m

SR from bending magnets at about 600 m upstream the IR.

and must therefore be avoided. Keep in mind that the
synchrotron energy spectrum has a long high-energy tail for
a given critical energy.

On the other hand, beam pipes are usually made of
lighter materials like Aluminum (Al, Z = 13) that is
transparent for photons with energies higher than
40 keV that also have small impact angles. Beryllium is
also a very light material (Z = 3) and is transparent for
photons with energy above 10 keV. To determine the proper
material for the beam pipe, especially in the interaction
region, it can be important to investigate the specular
reflection at very small incident angles. All relevant cross
sections for photon absorption and scattering are imple-
mented in Geant4, with the exception of specular reflection
of keV photons at very small scattering angles.
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FIG. 6. Photon total cross section as a function of energy in lead
showing the contribution of different processes. Green line is at
10 keV, red line is at 100 keV. Reference [9].
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FIG. 7. Tantalum shielding is shown in red around the IR beam
pipe from 0.5 m to 1.5 m from the IP.

A study on a Tantalum shield around the IR beam pipe
from 0.5 m (the end of the central beam pipe) to 1.5 m from
the IP has been started in order to study the rates of the
photons through different shielding thicknesses. In Fig. 7
the Tantalum shielding around the beam pipe is shown in
red. This part of the beam pipe does not receive any direct
hits from upstream SR sources but a significant fraction of
the photons hitting surfaces a and d either forward scatter
or backscatter onto this intermediate beam pipe.

The method used for the study is analogous to the one
described in Sec. II to design the IR. We generated the
forward or backscattered energy spectrum of these photons
and started them incident to the beam pipe surface with an
average angle of incidence in order to estimate how many
penetrated various thicknesses of shielding. The result is
that the photon rate per bunch crossing is 727 through a
2 mm Ta shield, 1602 photons thru a I mm Ta shield and
3097 photons through a 0.5 mm Ta shield. These appear to
be acceptable rates but we need to check this conclusion
with a detailed detector design.

Detailed Geant4 studies are also in progress on the
detector side to estimate photon absorption and the impact
of the remaining photon flux on detector performance.

IV. CONCLUSIONS

In this paper we have focused on the interaction region
layout with synchrotron radiation as a major design
constraint. These studies are carried on within the FCC-
ee Machine Detector Interface group, that has the goal of
producing a feasible design of the interaction region in
close collaboration with the optics group.

The next steps will be to define the masks and photon
shielding in the interaction region, to perform beam and IP
backgrounds evaluation with tracking into the interaction
region and, if necessary, into the detector. There are studies

ongoing of wake fields that may be generated in the IR
region, and absorbers that will be needed for these
electromagnetic fields as well as for the synchrotron
radiation power.

The feasibility of the design has yet to be proven as there
are several topics that we have not mentioned. For instance,
a solenoid compensation scheme, magnet integration stud-
ies, final focus quadrupoles design, luminosity monitor and
impedance budget estimate of the masks. In addition, the
feasibility of the magnetic system as well as the under-
ground infrastructure for the IR, not only for the challenge
itself, but also for the constraint of requiring compatibility
with the FCC-hh machine must also be studied more
thoroughly. We see this present study as an initial encour-
aging step toward a robust IR design.

We would also like to mention that the compatibility of
this design for the other running beam energies at 120, 90
and 45.6 GeV has not been fully checked yet, and is
planned as one of the next steps. The 46.5 GeV operating
point has had a very preliminary check and the design so far
looks OK.

There are also ongoing studies to check the sustainability
of the synchrotron radiation in the detector, and we need to
determine if the LEP2 threshold value presently used can
be relaxed a bit. These studies are carried on with dedicated
Geant4 studies and a fast and full simulation tool is in
progress.
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